INTRODUCTION
Laser-based spectroscopic techniques to detect trace gases sensitively and selectively in real time in the infrared spectral region have been the focus of considerable research and development activities in recent years. [1] [2] [3] [4] [5] The principal optical gas sensor technologies are based on absorption spectroscopy of fundamental bands in the 3 to 25 µm spectral region and near-infrared vibrational overtone and combination bands from 1 to 3 µm. Common radiation sources include continuous wave (cw) diode lasers (GaAs-based, antimonide-based, lead salt), parametric frequency conversion devices (difference frequency generation and optical parametric oscillators), gas lasers (CO and CO 2 ) and quantum cascade lasers.Telecommunications-grade distributed-feedback (DFB) AlGaAs diode lasers are ideally suited for overtone spectroscopy of molecules with chemical bonds such as C-H, O-H and N-H, in the near-infrared region (0.78 -2.5 µm). In this work, we employ such diode lasers to develop a gas sensor suitable for simultaneous NH 3 concentration measurements at the 1 ppm level with a precision of 0.2 ppm and CO 2 measurements between 1000 and 20,000 ppm.
entering into an absorption medium, I o , to the transmitted intensity, I, as follows: χ is mole fraction of the species, j, P is pressure [atm] , and l is the optical path length through the medium [cm] .
The normalized line-shape function describes the effects of thermal motion (Doppler broadening) and intermolecular collisions (pressure broadening), which have Gaussian and Lorentzian profiles, respectively. Ammonia and carbon dioxide absorption transitions at room temperature and sub-atmospheric pressure will have lineshapes that are described by a convolution of the Gaussian and Lorentzian functions, which is known as the Voigt function.
A disadvantage of overtone spectroscopy is that absorption linestrengths are typically about 1 to 2 orders of magnitude weaker than those of the fundamental vibrations in the mid-infrared. To obtain the required sensitivity in the near IR, longer absorption pathlengths and a reduction of noise sources is required. A compact multi-pass, Herriott type cell, configured for a 36 m total optical path-length, and an auto-balance detection technique were used. 6 LINE SELECTIONDesigning a laser-based sensor for NH 3 and CO 2 in the bioreactor effluent gases requires careful selection of optimum transitions that offer adequate sensitivity over the range of expected populations and isolation from potential interfering species. The main constituents of the bioreactor vent gases include N 2 , NH 3 up to a few tens of ppm, 500 ppm -50% CO 2 , and water vapor. For trace NH 3 detection, the strongest available and isolated transitions have to be selected. For CO 2 detection, an isolated transition needs to be employed that offers sufficient signal at the low concentration end (~500 ppm), yet is not optically thick for high concentrations (> 5%). The NH 3 transitions must be isolated from water vapor and CO 2 , while CO 2 transitions need to be isolated from water vapor and NH 3 . Figure 1 shows a survey of absorption lines from NH 3 , H 2 O, and CO 2 in the near-infrared wavelength region, from 1.4 to 2.5 µm. The Hitran96 data base does not include overtone transitions of NH 3 in the spectral range from 1450 nm to 1560 nm (~ 6400-6900 cm -1 ). However, Lundsberg-Nielsen, et al 7 have identified 1710 ammonia absorption lines in this region, and assigned 381 of them to rotational-vibrational transitions in the combination band ν 1 +ν 3 and the overtone 2ν 3 ) was chosen as the best suited operating wavelength for the NH 3 sensor described here. At this wavelength, low noise InGaAs detectors are available that operate with quantum efficiencies close to unity and require no cooling or temperature control. This particular line has the merit of being more than 1 cm -1 away from the next H 2 O absorption line, and about 0.13 cm -1 away from an adjacent NH 3 and CO 2 overtone transition, 9 which permits simultaneous concentration measurements of NH 3 and CO 2 at 6528.9 cm -1 . In the 2.0 µm region the linestrengths are approximately 3 times stronger for NH 3 as compared to the 1.53 µm spectral region, and for CO 2 the linestrengths are approximately 100 times stronger. Thus, using DFB diode lasers at the longer wavelength offers the opportunity of more sensitive detection, and eliminates the need for the more complex auto-balancing detection technique. Table 1 depicts the absorption lines that are used in this work. Lines A and B are the two ammonia lines used: A is an isolated line useful for measuring ammonia concentrations while line B overlaps with line C, which is the (00001) ← (30011), R(36), overtone transition of CO 2 . These three lines, A, B and C, are accessed by one of the diode lasers used, at 1.53 µm. Line D is the P P 3 (3) s overtone transition of ammonia, corresponding to the ν 3 +ν 4 combination band, about 3 times stronger than line A, and line E is the (00001) ←(20012), R(50) transition of CO 2 . Lines D and E were accessed using a second diode laser, at 1.99 µm.
The linestrength values reported in Table 1 correspond to a temperature of 296 K. The linestrength of C is about a factor of 5000 smaller than that of A. However, in the bioreactor exhaust CO 2 concentrations can be as high as 50% or more, with the result that line A ends up buried within line C. On the other hand, if CO 2 levels are below 3%, overlapping between lines A and C is negligible and the ammonia concentration can easily be extracted using line A. Furthermore, under these conditions, the three lines A, B and C can be used to perform simultaneous NH 3 and CO 2 concentration measurements. 
Experimental

AMMONIA SENSOR -
The diode laser based gas sensor developed for on-line NH 3 monitoring in a bioreactor system is shown in Fig. 2 . Its main components are two fiber-coupled DFB diode lasers (1.53 µm, and 1.99 µm from NTT Electronics Corporation, Japan), a compact 36m multi-pass, Herriott cell and an auto-balanced InGaAs detector (Nirvana 2017 from New Focus), which can also operate as a single photodetector. A two-stage, diaphragm pump was used to flow the sample gas through the multi-pass cell at a pressure of 100 Torr. The multi-pass cell was heated to a temperature of 40 o C to minimize ammonia adsorption on its glass walls, and to prevent potential water condensation on the cell mirrors. The diode lasers were driven by a compact current supply (MPL-250, Wavelength Electronics) with ripple noise < 1 µA, so that the frequency fluctuations of the laser line due to current noise are negligible (<1 MHz). The current supply was scanned about an average current of 67 mA with a sawtooth ramp function, for the 1.53 µm diode laser, the scan rate was 20 Hz, and for the 2.0 µm diode laser it was 125 Hz. The reason for the low scan rate at 1.53 µm was that, for that laser, an auto-balance technique was used for data collection, which involves a feedback loop that operates at lower speed. The laser temperature was controlled to within 0.003 0 C, near 32 0 C, by a current module (HTC-1500, Wavelength Electronics). The scan range of the laser under these conditions was 0.3 cm -1 , which allowed all three spectral lines A, B and C to be accessed on every scan, at 1.53 µm.
The fiber-pigtailed DFB laser diode delivers 15 mW at 1.53 µm, with a specified linewidth of < 10 MHz. The fiber was fusion-spliced to a 70/30(%) directional coupler with an insertion loss of less than 2%. The 70% power arm of the directional coupler was sent to the multi-pass cell, using a lens (f=7 mm, 0.5 NA) mounted in a precision holder with 5 degrees of freedom (Optics For Research) to set the beam waist at the midpoint of the multi-pass cell. The 30% power arm was used as the reference beam for the balancing detector. This integrated laseroptical fiber configuration delivers a total of 10 mW of laser light at the input of the multi-pass cell. The output power of the beam obtained from the cell after 182 passes is 17 µW, for a throughput efficiency of 0.17%. This corresponds to a 96.5% reflectivity for the cell mirrors, indicating degradation from the original reflectivity of 98% after 3 years of frequent use. The output beam from the cell is focused on the signal and reference photodiodes of the dual beam detector by a gold coated parabolic mirror of 1" diameter (f# =2) and a lens (f=7 mm, 0.5 NA) mounted on a precision holder, respectively. The detectors used at this wavelength (1.53 µm) are 1mm in diameter InGaAs based photodiodes, with a quantum efficiency of ~ 1 at that wavelength. Since the reference beam power (P ref ) was much greater than the power of the signal beam coming from the cell (P signal ), it was attenuated using a variable fiber attenuator. For optimum performance of the auto-balanced detector, the reference power was set as P ref = 2.2 x P signal , at the center frequency of the laser scan. The attenuation level was set below 25 dB, because above this level interference fringes from fiber-to-fiber etalons produced in the attenuator module started to affect the observed signal. In order to perform concentration measurements using the absorption lines D and E, in Table 1 , a 1.99 µm DFB diode laser was connected to the collimating lens mount located in front of the multipass cell. An InGaAs detector, enhanced for 2.0 µm, 1 mm in diameter, was placed after the focusing mirror, at the output of the multipass cell. This process required no further realignment procedure. A laptop PC running LabView 5.0 was used for data acquisition and processing. In the autobalance mode, five hundred scans were averaged for each single concentration measurement. For the concentration measurements made with the detector in the linear mode, 1000 scans were used for a single measurement due to the lower signal-to-noise ratio of this mode. The total data collection time, averaging, and processing to obtain a single concentration measurement is less than 30 seconds. For convenience, the sensor was configured to take measurements every minute in order to correlate the ammonia measurements to external daily events and specific chemical actions performed on the bioreactor. It was found convenient to monitor remotely the sensor performance and concentration data using "PC Anywhere" software.
BIOLOGICAL WATER PROCESSOR AND MEASUREMENT SETUP -
The Biological Water Procesor (BWP) referred to above is part of a Water Recovery System (WRS) being developed at the Johnson Space Center in Houston, TX. The BWP is illustrated in Fig. 3 . This system produces potable water from a wastewater stream using aerobic and anaerobic microbial processes. An equilibrium amount of ammonia-ammonium ions dissolved in water is produced through the hydrolysis of urea, and must be removed in order to preserve the bacterial population. This is done at the nitrification stage of the system, where ammonium is oxidized into NO 2 - and NO 3 -. The gases resulting from the process are separated from the fluid at a gas-liquid separator (GLS) and vented into the atmosphere, while the liquid is returned to the BWP for a new cycle. The concern is that effluent from the GLS might transfer potentially harmful amounts of NH 3 in an enclosed environment. This is the principal factor motivating the monitoring of NH 3 concentration levels in the WRS gas exhaust. The packed bed reactor contains anaerobic bacteria that decompose organic molecules found in wastewater. The nitrification stage consists of a 4,000 feet long coil of 1/4" polypropylene tubing, coated on the inner surface with a bio-film of aerobic, "nitrifying" bacteria, which in the presence of oxygen produce the reaction:
NO NO NH bacteria bacteria
The NH 3 /NH 4 + concentration level indicates the efficiency of the nitrifying process in the BWP, once the nitrifier loop is set in operation. If the pH is known, the total NH 3 /NH 4 + concentration can be calculated from measurements of the NH 3 concentration in the gas stream. The CO 2 concentration measurement also gives a quantitative indication of the conversion of TOC in the system, which is an important parameter to determine the quality of the water that is being recycled. At the end of the loop, a fraction [1/20 th ] of the recycled water is extracted from the BWP for post-processing, while the rest is sent back into the packed bed reactor. The gaseous residual is vented through the exhaust line into the atmosphere. Water vapor is removed from the gas exhaust by the water condenser. The diode laser based sensor was connected to the exhaust line after the water condenser, as shown in Fig.3 , and placed ~ 2 meters away from the BWP unit, using about 6m of teflon tubing to satisfy NASA-JSC safety protocols. A glass flask (~150 ml) was inserted along the teflon line, to collect any remaining water droplets in the gas. The flow rate to the multipass cell was adjusted to be less than the exhaust line rate, to ensure sampling of the BWP and not outside air. For this purpose, a flow meter/controller was installed immediately upstream from the sensor to ensure a constant flow rate of 10 sccm, well below the bioreactor exhaust rates of several 100's of sccm.
RESULTS AND DISCUSSION
CALIBRATION AND FITTING ROUTINES -
A convenient method for determining the accuracy of the concentration measurements from the sensor system was to measure the absorption of a 100 Torr sample of CO 2 . Using the absorption line C, and the 1.53 µm diode laser, a concentration of 97.6% was obtained, assuming an optical path length of 36 m. When the same sample was measured using a different 36 m long multi-pass cell, and the 1.99 µm diode laser, accessing absorption line E (see table 1), the CO 2 concentration was found to be 100 ± 5 %. Thus, the accuracy of the laser based gas sensor reported in this work is better than 5%.
A second calibration procedure was performed with a calibrated ammonia sample (100±2 ppm in N 2 ), that was diluted with N 2 to a nominal 5ppm mixture using a gas mixer capable of controlled temperature, pressure and flow rate operating conditions. NH 3 concentration measurements were performed simultaneously with the overtone-based sensor operating at 1.53 µm and with a quantum cascade laser based sensor that uses the fundamental NH 3 absorption band, ν 2 , at 10.07 µm. 12 The results for the two procedures are shown in Fig. 4 , and demonstrate an agreement of better than 5% between the two independent measurements. These are within the standard deviation of the overtone measurements of 0.2 ppm, or 7%. The fundamental absorption measurement was obtained using a linestrength available from the HITRAN96 database, whereas the overtone measurement uses a value reported in Ref. 10 . Both measurements yield values below the expected NH 3 concentration, most likely due to the fact that ammonia adsorbs to the stainless steel surface of the gas mixer, and insufficient time elapsed to reach a steady state in adsorption-desorption.
The real-time fitting routine implemented in LabView has been reported elsewhere, 13 and only minor software modifications were required for this work in order to process the logarithmic signal from the detector operating in the auto-balance mode. (2) where T is the temperature of the photodetector in Kelvin (operating at 300 K), and A is a constant determined by the gain in the amplifier circuit of the detector (A = 273 K/Volt). The result of this operation is depicted in figure  5b . This procedure provides a balanced transmission spectrum and simultaneously corrects for the baseline of the absorption signal. To this spectrum (after dividing by 100 and taking the natural logarithm), an absorption lineshape function is fitted, to obtain the gas concentration, as described below. The convenience of this procedure is that only one detection channel is needed to account for both the signal and reference signals from the photodetector. The fit employs a non-linear, least-squares LevenbergMarquardt algorithm and uses a given absorption profile to fit the data. Since the pressure regime of operation (100 Torr) lies between the predominantly Doppler and pressure broadened regimes, a Voigt profile with fixed pressure broadening and Doppler width was used. A Lorentz function overestimates the area under the curve by ~ 6%. Figure 6 shows a typical absorption spectrum obtained using the 1.53 µm diode laser. The baseline has been removed using a third order polynomial, and to which a Voigt profile has been fitted, 15, 16 with a linewidth of 0.027 cm -1 and a pressure broadening contribution of 0.020 cm -1 . Due to pressure fluctuations in the system of ± 2 Torr, not accounted for by the fitting routine, and the fluctuations observed in the CO 2 concentration from the exhaust gases, of ± 2%, the linewidth of the ammonia absorption peaks is expected to fluctuate by ~ ± 0.002 cm -1 17 . This introduces an error for the ammonia concentration measurement in the LabView calculation routine of 4%. The residual of the Voigt fit yields an uncertainty level for a single measurement (with 500 averages) of ± 0.01% -absorption-(note that 100 x ln(I/I 0 ) is equivalent to % absorption for small absorptions). The rms uncertainty level is then 0.014 % -absorption-, and from Figure 5 , where a peak absorption of 0.085% corresponds to 1.4 ppm of NH 3 , it is seen that detection with a SNR of 3 corresponds to a concentration of 0.7 ppm (i.e. 0.7 ± 0.12 ppm). This is the minimum concentration that can be measured reliably with the reported gas sensor design. Optical fringes from interference effects introduced by the multi-pass cell limit the sensitivity and are the primary source of uncertainty in the ammonia concentration values reported. Other groups implementing a dual-beam auto-balancing technique like the one used in this work have obtained similar sensitivity values. 18, 19 The sensitivity reported here is the best obtained so far in a field application for NH 3 measurements using overtone absorption spectroscopy, taking advantage of recent advances in single frequency DFB diode laser and optical fiber technology. , and that peaks B and C overlap almost exactly. The algorithm begins with a Voigt fit on peak A. With the NH 3 concentration thus obtained, peak B is modeled and subtracted from the absorption feature. The remaining absorption signal at the location of peaks B and C is fitted again to a Voigt profile, and yields the CO 2 concentration. This algorithm removes the problem of having to fit the two peaks that overlap, B and C, simultaneously. It also allows for the subtraction of the baseline in two separate sections, one for line A in the first step, and the other for lines B and C in the second step. This technique eliminates unwanted effects of spurious baseline features that may occur between the two absorption lines. Figure 7 shows an absorption spectrum of the two NH 3 and the CO 2 lines listed in Table  1 , obtained in a single diode laser scan. The baseline subtraction obtained with this algorithm for the peaks A, B and C yields a fit residual of less than ± 0.02% within the peaks. Such a residual would not have been realized if a single baseline had been adjusted across the entire scan range. 
ALLAN VARIANCE -
To determine the level of precision attainable with the sensor reported here, a suitable procedure is to measure the Allan variance of the concentration measurements. 20, 21 To do this, a 17 hour measurement run was performed, flowing a mixture of ammonia at a constant concentration (balanced with N 2 ) through the multi-pass cell, and using the detector in autobalance mode. The sample was prepared with the gas mixer mentioned above, and the results are depicted in figure  8 . It is seen that, for an averaging time of less than a minute, the best precision obtained corresponds to a standard deviation of σ = 0.02 ppm. This compares well with the values for σ obtained from the data taken in the bioreactor measurements (σ = 0.1 ppm), as shown in figure 9 . Effects like the intrinsic variability of the bioreactor conditions and the fact that the measurements were carried out with a limited duty cycle of 50% (averaging time for each measurement was ~ 30 secs.) will increase the standard deviation of the measurements in the field. FIRST BIOREACTOR MEASUREMENT CAMPAIGN NASA-JSC -NH 3 concentration measurements were performed at NASA-JSC for a period of 13 days, from August 25 to September 7, 2000. Figure 9 shows the overall time history of the ammonia measurements performed on the bioreactor system. The NH 3 concentration fluctuates in periods of ~10 hours, ranging from levels below the sensitivity of the instrument up to 5.6 ppm. Critical biochemical procedures taken on the different parts of the BWP by NASA personnel are indicated. During the period between August 30 and September 1, the 1.99 µm diode laser was used, and otherwise the data was collected using the 1.53 µm diode laser. From August 30 to September 7, the detection scheme was operated in the linear mode, for both diode lasers. The standard deviation of the auto-balanced output data is calculated to be 0.1 ppm, whereas for the linear case, using the 1.53 µm diode laser, it increases to 0.2 ppm. Such a difference is expected, since the auto-balanced scheme minimizes most common sources of noise in both signal and reference arms of the laser beam. In particular, laser amplitude fluctuations produced by electronic noise from the power supplies and temperature drifts, are removed. As mentioned in the "Experimental" section, the linear output measurements were averaged for 1000 scans, as compared to only 500 scans for the auto-balanced measurements. The main sources of uncertainty in this experiment are the optical fringes produced in the multi-pass cell. The autobalanced technique does not remove the fringes because they do not affect signal and reference beams simultaneously. For the data collected using the 1.99 µm diode laser, with a linear mode detection scheme, the standard deviation was also determined to be 0.1 ppm. A background ammonia concentration measurement was performed by disconnecting the system from the bioreactor and sampling room air. The NH 3 background was measured to be ~ 0.5 ppm (see Figure 9 ) and is due to the residual ammonia that has accumulated on the walls of the gas line from the BWP to the ammonia sensor. During the entire measurement period the ammonia levels never exceeded 5.6 ppm after the packed bed reactor and the nitrification reactor coils were integrated. The NH 3 concentration fluctuated during the period (8/25/00-8/30/00) before the BWP was operated in the recycling mode. In this mode, no additional wastewater was added and the ammonia levels decreased.
NH 4 + aqueous phase concentration measurements were performed each morning by NASA personnel using standard wet-chemical techniques, taking a bioreactor effluent sample after the GLS. From this and the pH of the aqueous solution, the concentration of NH 3 in solution can be calculated. An estimate of the NH 3 concentration in the gas phase was determined using Henry's Law. 22 The resulting values are shown in Table 2 . It is observed that the calculated values from the wet-chemical measurements are somewhat larger than the measured concentrations with the laser based sensor. Figure 9 . Ammonia concentration measurements for the first NASA-JSC campaign. Solid circles correspond to data points obtained in auto-balance mode, and triangles correspond to data obtained in the linear mode of the detector. Measured ammonia levels never exceeded 5.6 ppm during this period. An accurate calculation would require a precise account of all the ions in solution, the pH of the solution, and the variation of these quantities in the various subsystems of the bioreactor. Also, more data from the aqueous solution measurements would be required to establish a definite correlation between these measurements and those performed with the laser-based gas sensor. Figure 10 shows the simultaneous NH 3 and CO 2 concentration measurements for a portion of the overall measurement time, obtained by applying the triple Voigt fit algorithm described in the "Results and Discussion" section. The two measurements are clearly anticorrelated, which is to be expected from the fact that ammonia and carbon dioxide gas-phase concentrations should have opposite dependence on the pH in the BWP water solution. The CO 2 concentration shown in Fig. 10 provides information that can be used to improve the BWP operation by monitoring the efficiency of the BWP in performing TOC reduction. Throughout the time periods when CO 2 concentrations were measured, largely fluctuating values were obtained. CO 2 levels from less than 1000 ppm to 20,000 ppm were observed, with values decreasing after the BWP was set into its recycling mode on August 30, 2000.
SECOND BIOREACTOR MEASUREMENT CAMPAIGN AT NASA-JSCFrom November 10 to November 14, 2000, a second measurement campaign took place, using only the 1.53 µm diode laser. The sensor was operated with the detector in the linear mode scheme. The operating conditions of the bioreactor had changed such that no ammonia could be measured with the laser based gas sensor. Instead, larger amounts of CO 2 were observed with respect to the first measurement campaign in August-September, by using absorption line C. Figure 10 shows the results obtained from an uninterrupted monitoring of CO 2 from November 11 to November 14. In a background concentration of about 10,000 ppm (or 1%), several outbursts of CO 2 concentrations of up to 3.5 % are evident. The onset of these outbursts was a series of 4 "shedding" events in the bioreactor, two of them indicated by arrows in figure 11 (the other two occurred one and two days earlier). A "shedding" event consists in the sudden de-foliation of the bacterial layer within the nitrifier reactor, due to the over-size thickness of the bacterial film. The reactor loses the bacterial population, which is carried away by the flow and accumulates in the filters that separate the packed bed and the nitrifier reactors. The evidence of the occurrence of such an event is the accumulation of bio-mass in these filters. 
CONCLUSION
The present work describes the performance of a trace gas sensor based on overtone absorption spectroscopy at 1.53 and 1.99 µm, applied to ammonia detection in a bioreactor exhaust line, with a time resolution of 30 seconds and a sensitivity of 0.7 ppm at a SNR of 3. The advantages of this sensor compared to other methods are compactness, portability, and simplicity of operation, and the ability to perform real-time measurements. The NH 3 concentration measurements reveal a dynamic behavior of the bioreactor that could not be detected and measured otherwise. The ammonia concentration measurements have established that during the period of this study, ammonia emissions into the environment remained below harmful levels. This evaluation may have to be revised when considering longer periods of operation in a closed environment. The ability to perform simultaneous NH 3 and CO 2 measurements in real-time has been demonstrated. A clear anti-correlation between the concentrations of these two gases is observed, in agreement with the expected operating conditions of the NASA-JSC bioreactor. The CO 2 concentration measurements were almost an order of magnitude smaller than estimated (up to ~ 50%). S hedding E vent S hedding E vent 10 per. Mov . Av g. Figure 11 . CO 2 concentration measurements in packed bed bioreactor, during the second NASA-JSC campaign. The CO 2 levels this time reached up to 35,000 ppm. Shedding events are listed at the approximate time that they occurred (± 3 hrs.). The solid line is a moving average of 10 measurements per point.
Shedding events, followed by a CO 2 concentration spike have been observed; however, some CO 2 spikes were not correlated to a shedding event. To better understand this phenomenon, further testing should be done over longer periods of time. The diode laser based ammonia sensor can be used to measure other gases of environmental importance such as CO 2 , HF, HCl, NO, CH 4 and H 2 O. These can be monitored by the appropriate wavelength selection of the DFB diode laser or a tunable multi-wavelength DFB diode laser source, which provide additional wavelength channels for multispecies gas detection. Downloaded from SAE International by Frank Tittel, Friday, October 06, 2017 
